Higher order elastic constants have been calculated in hexagonally structured superionic conductor Li 3 N at room temperature using the interaction potential model. The temperature variation of the ultrasonic velocities was evaluated along different angles with z axis (unique axis) of the crystal, using the second order elastic constants. The ultrasonic velocity decreased with the temperature along a particular orientation of the unique axis. Temperature variation of the thermal relaxation time and Debye average velocities was also calculated along the same orientation. The temperature dependency of ultrasonic properties was discussed in correlation with elastic, thermal and electrical properties. It has been found that the thermal conductivity is the main contributor to the behavior of ultrasonic attenuation as a function of temperature and the cause responsible for attenuation is phonon-phonon interaction. The mechanical properties of Li 3 N at low temperature are better than at high temperature because at low temperature it has low ultrasonic attenuation. Superionic conductor lithium nitride has many industrial applications, such as those used in portable electronic devices.
Introduction
Development of solid-state materials with superionic conductivities is critical to solid-state battery technologies [1] . In addition to the application of solid ionic conductors in batteries, there is a wide range of potential technological applications in solid-state devices, such as solid oxide fuel cells, water hydrolysis cells and chemical sensors [2] . In the past four decades, a remarkably large number of lithium-containing solid ionic conductors, such as lithium β -alumina, lithium silicates, lithium aluminosilicate and lithium nitrides have been extensively investigated [3] [4] [5] [6] . Among these lithium solid ionic conductors, lithium nitride (Li 3 N) is of special interest and has attracted particular attention because of its high ionic conductivity [7] [8] [9] [10] and its capacity for hydrogen storage [11] .
Lithium nitride is a superionic conductor with several interesting properties at room temperature * E-mail: pkyadawa@rediffmail.com and potentials for use [12] [13] [14] [15] [16] . Most members of this class of materials are non-stoichiometric compounds and are characterized by their crystal structure containing more cation lattice sites than cations. This feature is responsible for the observed high ionic mobility [17] . Superionic conductor lithium nitride has many industrial applications, which are used in portable electronic devices [18] [19] [20] .
Increased competition and needs of higher productivity and better products from materials producing industries are creating more stringent requirements for process and quality control and call for advances in non-destructive techniques, which could be used to characterize the materials not only after production but during the process, as well. Ultrasonic investigations provide an important diagnostic tool for microstructural properties as well as deformation processes in a material, controlling material behavior based on the physical mechanism to predict future performance of the materials. Various investigators have shown considerable interest in ultrasonic properties of metals, intermetallics and compounds [21] [22] [23] [24] . Wave propagation velocity is a key parameter in ultrasonic characterization and can provide information about crystallographic texture [25, 26] .
Ultrasonic attenuation is a very important physical parameter to characterize the material, which is well related to several physical quantities like thermal conductivity, specific heat, thermal energy density and higher order elastic constants [27] . The elastic constants provide valuable information about the bonding characteristics between adjacent atomic planes and the anisotropic character of the bonding and structural stability [28, 29] .
Therefore, in this work we have studied the ultrasonic properties of hexagonal structured Li 3 N compound at different temperatures. The ultrasonic attenuation coefficient, acoustic coupling constants, higher order elastic constants, thermal relaxation time and ultrasonic wave velocities for Li 3 N for a unique direction of propagation of wave were calculated as a function of temperature. The calculated ultrasonic parameters were discussed with related thermophysical properties for the characterization of the chosen compound. The obtained results were analyzed in comparison to other hexagonal structured materials.
Theory
In the present investigation, the theory is divided into two parts.
Second and third order elastic constants
The second (C IJ ) and third (C IJK ) order elastic constants of material are defined by following expressions:
where, U is elastic energy density, e I = e i j (i or j = x, y, z, I = 1 . . . 6) is a component of a strain tensor. Equations 1 and 2 lead to six second and ten third order elastic constants (SOEC and TOEC) for the hexagonal structure materials [27, 30] :
where p = c/a: axial ratio; C = χ a/p 5 ;
Ultrasonic attenuation and allied parameters
The Akhieser effect is an energy dissipation effect taking place under a uniform time dependent stress. The propagation of an ultrasonic wave produces a stress in a crystalline material, which causes strain. An incremental change in temperature is caused by alternating strain. This increment in temperature disturbs the equilibrium of phonon distribution, which is equalized to the equilibrium of phonon distribution.
The predominant causes for the ultrasonic attenuation in a solid at room temperature are phonon-phonon interaction (Akhieser loss) and thermoelastic relaxation mechanisms. The ultrasonic attenuation coefficient (A ) Akh due to phonon-phonon interaction and thermoelastic loss (A ) T h mechanisms is given by the following expression [30, 31] :
where, f -frequency of the ultrasonic wave, Vultrasonic velocity for longitudinal and shear wave, V L -longitudinal ultrasonic velocity, E 0 -thermal energy density, k and C V are the thermal conductivity and specific heat per unit volume of the material, respectively, γ i j is Grüneisen number (i, j are the mode and direction of propagation), τ is thermal relaxation time and ρ is the density of material.
The Grüneisen number for a hexagonally structured crystal along <001> orientation or Θ = 0 • is a direct consequence of second and third order elastic constants.
is known as acoustic coupling constant, which is the measure of acoustic energy converted to thermal energy. When the ultrasonic wave propagates through a crystalline material, the equilibrium of phonon distribution is disturbed. The time for re-establishment of equilibrium of the thermal phonon distribution is called thermal relaxation time (τ) and is given by following expression:
where τ L and τ S are the thermal relaxation time for longitudinal and shear wave, respectively. The Debye average velocity (V D ) is well related to longitudinal (V L ) and shear wave (V S1 , V S2 ) velocities. The expressions for ultrasonic velocities were found in our previous papers [30, 31] .
Results and discussion

Higher order elastic constants
The unit cell parameters 'a' (basal plane parameter) and 'p' (axial ratio) for Li 3 N, are 3.641Å and 1.06 [32] respectively. The value of m and n for Li 3 N are 6 and 7. The value of b 0 for Li 3 N is 4.5 × 10 −64 erg·cm 7 . The second order elastic constants (SOEC) and third order elastic constants (TOEC) have been calculated for Li 3 N using equation 3 and are presented in Table 1 . The bulk modulus (B) for Li 3 N can be calculated with the formula: B = 2(C 11 + C 12 + 2C 13 + C 33 /2)/9. The evaluated B for Li 3 N is presented in Table 1 . The elastic constants of the material are important, since they are related to hardness and, therefore, are of interest in applications where mechanical strength and durability are important. Also, the second order elastic constants are used for the determination of ultrasonic attenuation and related parameters. The calculated SOEC are some different than the theoretically evaluated values by Hossain et al. [32] . Actually, Hossain et al. based on abinitio first principle method for total energy calculation (HF-LCAO, DFT as implemented in CRYS-TAL 98 and in CASTEP), which is quite different from the present approach, although the obtained SOECs are of the same order. Relative magnitudes of C 11 , C 12 and B obtained by our theoretical approach are in good agreement with other theoretical results, as shown in Table 1 . Thus, our theoretical approach for the calculation of second order elastic constants for hexagonally structured compound at room temperature is well justified. However, third order elastic constants have not been compared due to lack of the data in the literature but the negative third order elastic constants have been found in our previous papers for hexagonal structure materials [30, [33] [34] [35] . Hence, the theory applied for the evaluation of higher order elastic constants at room temperature is justified.
Ultrasonic velocity and allied parameters
The temperature dependent density and thermal conductivity have been taken from the literature [36] . The value of C V and E 0 have been evaluated using tables of physical constants and Debye temperature. The value of temperature dependent density (ρ), specific heat per unit volume (C V ), thermal energy density (E 0 ) thermal conductivity (k) and calculated acoustic coupling constants (D L and D S ) are presented in Table 2 .
The computed orientation dependent ultrasonic wave velocities and Debye average velocities at 300 K are shown in Fig. 1 to 4 . Fig. 1 to 3 show that the velocities V S1 have maxima at 40 • with the unique axis of the crystal while V L and V S2 increase with the angle from the unique axis. The combined effect of SOEC and density is the Temp. reason for abnormal behavior of the angle dependent velocities. The nature of the angle dependent velocity curves in the present work is found similar to that for the third group nitrides, heavy rare-earth metals, laves-phase compounds and other hexagonal wurtzite structured materials [31, [33] [34] [35] . The chosen compound has the properties similar to their crystal structures. Thus, the angle dependencies of the velocities in Li 3 N are justified. V D of this material is increasing with the angle and has maxima at 55 • in the range of 50 to 300 K (Fig. 4) . Since V D is calculated using V L , V S1 and V S2 [27, 30] , therefore, the angle variation of V D is influenced by the constituent ultrasonic velocities. The maximum V D at 55 • is due to a significant increase in longitudinal and pure shear (V S2 ) wave velocities and a decrease in quasi-shear (V S1 ) wave velocity. Thus, it can be concluded that when a sound wave travels at 55 • along the unique axis of these crystals then the average sound wave velocity is maximum.
The calculated thermal relaxation time is visualized in Fig. 5 . The angle dependent thermal relaxation time curves follow the reciprocal nature of V D as τ ∝ 3k/C V V 2 D . This implies that 'τ' for the chosen compound is mainly affected by the thermal conductivity. The thermal relaxation time for hcp structured material follows the equation: τ = τ 0 exp(x/λ), where τ and λ are constants. The order of 'τ' for hexagonal structure is of the order of picoseconds [35] . With reference to some previous work [37] , the size dependency of τ for bcc and fcc structured materials follows the equation:
Thus, it can be said that the thermal relaxation time is not only a function of size and temperature but also depends on the structure of a material. The order of thermal relaxation time for Li 3 N has been found in picoseconds, which justifies their hexagonal structure. The re-establishment time for the equilibrium distribution of thermal phonons attains minimum for the wave propagation along Θ = 55 • due to being the smallest value of τ along this direction. Thus, the present average sound velocity directly correlates with the Debye temperature, specific heat and thermal energy density of Li 3 N.
Ultrasonic attenuation due to phononphonon interaction and thermal relaxation phenomena
In the evaluation of ultrasonic attenuation, it is supposed that a wave is propagating along the unique axis (<001> direction) of Li 3 N. The attenuation coefficients over frequency square (A /f 2 ) Akh for the longitudinal (A /f 2 ) L and shear wave (A /f 2 ) S have been calculated using equation 4 under the condition ωτ 1 at different temperatures. The thermoelastic loss over frequency square In the present investigation, the ultrasonic wave propagates along the unique axis of the crystal, and the Akhieser type of loss of energy for longitudinal and shear wave as well as thermo elastic loss increase with the temperature of the material (Fig. 6  and 7 ). (A /f 2 ) Akh is proportional to D, E 0 , τ and V −3 (equations 4 and 6). The E 0 is increasing and V is decreasing with the temperature (Fig. 1 to 3) . Hence, Akhieser loss in Li 3 N is predominantly affected by the thermal energy density E 0 and the thermal conductivity.
Therefore, the ultrasonic attenuation increases due to the reduction of the thermal conductivity. Thus, ultrasonic attenuation is mainly governed by the phonon-phonon interaction mechanism. A comparison of the ultrasonic attenuations could not be made due to lack of experimental data in the literature. Fig. 6 to 7 indicate that the thermoelastic loss is very small in comparison to Akhieser loss and ultrasonic attenuation for the longitudinal wave (A / f 2 ) L is greater than that of the shear wave (A / f 2 ) S ). This reveals that ultrasonic attenuation due to phonon-phonon interaction along the longitudinal wave is a governing factor for total attenuation:
The total attenuation is mainly affected by thermal energy density and thermal conductivity. Thus, it may be predicted that at 50 K, Li 3 N behaves as its purest form and is more ductile as evinced by minimum attenuation while at 300 K, Li 3 N is least ductile. Therefore, impurity content will be the least in the Li 3 N at low temperature. The total attenuation of Li 3 N is much larger than that of the third group nitrides (AlN: 4.441 × 10 −17 Np·s 2 ·m −1 ; GaN: 14.930 × 10 −17 Np·s 2 ·m −1 and InN: 20.539 × 10 −17 Np·s 2 ·m −1 ) due to their large thermal conductivity and acoustic coupling constants [35, 38] . This implies that the interaction between acoustical phonon and quanta of lattice vibration for Li 3 N is large in comparison to third group nitrides.
Conclusions
Our theory of higher order elastic constants is justified for the superionic conductor material. The order of thermal relaxation time for Li 3 N has been found in picoseconds, which justifies its hexagonal structure. The re-establishment time for the equilibrium distribution of thermal phonons is minimum for the wave propagation along Θ = 55 • due to the smallest value of relaxation time along this direction. However, the acoustic coupling constants of Li 3 N for longitudinal wave are found four times larger than for the third group nitrides. Hence, the conversion of acoustic energy into thermal energy will be larger for Li 3 N. This shows general suitability of the chosen material. The ultrasonic attenuation, due to phonon-phonon interaction mechanism, is predominant over the total attenuation as a factor governing thermal conductivity. The mechanical properties (yield strength, ductility, elastic properties, etc.) of Li 3 N at low temperature (50 K) are better than at high temperature (300 K), because at low temperature the material has low ultrasonic attenuation.
Thus, the results obtained in the present work can be used for further investigations as well as in general and industrial applications. Our theoretical approach is valid for temperature dependent ultrasonic characterization of Li 3 N. The ultrasonic behavior of Li 3 N shows important microstructural characteristic features, which are well connected to thermoelectric properties of the material. These results, together with other well-known physical properties, may expand future prospects for the application and study of Li 3 N.
